Great efforts have been made to the investigation of defects in silicon carbide for their attractive optical and spin properties. However, most of the researches are implemented at low and room temperature. Little is known about the spin coherent property at high temperature. Here, we experimentally demonstrate coherent control of divacancy defect spins in silicon carbide above 550 K. The spin properties of defects ranging from room temperature to 600 K are investigated, in which the zero-field-splitting is found to have a polynomial temperature dependence and the spin coherence time decreases as the temperature increases. Moreover, as an example of application, we demonstrate a thermal sensing using the Ramsey method at about 450 K. Our experimental results would be useful for the investigation of high temperature properties of defect spins and silicon carbide-based broad-temperature range quantum sensing.
I. INTRODUCTION
Most recently, defects in silicon carbide (SiC) have attracted many attentions for their appealing optical and spin properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Since SiC is a widely used semiconductor material in electronic devices with outstanding features such as various mature fabrication technology and large-scale high quality single crystal growth, defect-based control and manipulation in SiC would lead to practical wafer-scale quantum information processing [1] [2] [3] [4] [5] . Besides some types of high bright single photon sources [6, 7] , there are also two types of spin-qubit in SiC: the silicon vacancy defect [3, 4, 8] and divacancy defect consisting of a carbon vacancy adjacent to a silicon vacancy [1] [2] [3] 9] . Similar to nitrogen vacancy (NV) centers in diamond [15] , the defect spins in SiC can be polarized and readout by laser and controlled by microwave. Due to the outstanding properties of infrared (IR) fluorescence wavelength and long coherence time (∼ ms), the divacancy defects with spin S = 1 in SiC have enabled applications in quantum metrologies, including magnetic [16] [17] [18] , electric [13, 19] and temperature sensing [14] , etc. Unlike other thermometers such as fluorescencebased organic dyes and Raman spectroscopy with the drawbacks of local environmental disturbance and lowsensitivity [20] , the SiC-based quantum sensor have advantages of photostable fluorescence, chemical inertness, non-toxic, and high sensitivity [3, 9, 11, 14] . Moreover, the IR range of fluorescence may be more suitable for biological systems than that of NV centers in diamond [14, 21] .
However, most of the previous experiments are operated at low and room temperature. Little is known about the spin coherent property at high temperature. Understanding such kind of property is important for manipulating defect spins in SiC at high-temperature, which would be useful for making a broad-temperature range high sensitivity quantum sensor.
In this work, we study the coherent property of divacancy defect spins in 4H-SiC with the temperature ranging from 300 to 600 K. In particular, we focus on the PL5 divacancy defects with a basal C 1h symmetry. By measuring the optically detected magnetic resonance (ODMR) spectrum, we find that the zero-field-splitting has a polynomial temperature dependence and the contrast of the ODMR signal decreases with the increase of temperature which almost vanishes at about 600 K. The spin coherent time is also found to decrease as the temperature increases. The infrared high temperature thermometry based on Ramsey methods is also demonstrated. The results pave the way for the SiC-based broad temperature range quantum sensing such as magnetic and temperature sensing.
II. EXPERIMENTAL SETUP AND RESULTS
In this work, we use a home-built confocal microscopy system and a microwave system to excite and control the defect spins in a commercial high-purity semi-insulating 4H-SiC sample purchased from Cree. As shown in Fig. 1(a) , an IR laser with the center wavelength at 920 nm modulated by an acousto-optic modulator (AOM) is used to excite the defects. After reflected by a dichroic mirror (DM) (980 nm long-pass), the laser is focused on the SiC sample by a near-infrared objective (NA = 0.7) with a long work distance. The fluorescence is collected by the same objective and detected by a superconducting single photon detector (SSPD, Scontel) after a 1064 nm long-pass interference filter (IF). A ringshaped microwave antenna is fabricated on the sample arXiv:1810.08888v1 [cond-mat.mes-hall] 21 Oct 2018
for transmitting microwave to manipulate defect spins ( Fig. 1(b) ). The electrical pulse sequences for manipulating the laser and microwave are generated by a pulse generator (PBESR-PRO-500, Spincore) in a computer (PC). In order to control the sample's temperature, the sample is mounted on a metal ceramic heater (HT24S, Thorlabs) with a resistive temperature detector (RTD) (TH100PT, Thorlabs) fixed on it. The heater and RTD are controlled by a temperature controller to achieve stability within ±100 mK up to 600 K in the atmospheric environment. The sample is fixed on a metal ceramic heater and the temperature is detected by a resistive temperature detector (RTD), which are connected to a temperature controller. A ring shape antenna is mounted on the sample to implement microwave (MW) pluses. The electrical pulse sequences on the AOM and MW system are controlled by a computer (PC).
To identify defects in the 4H-SiC sample, we scan the ODMR spectrum as a function of the applied magnetic field along the c axis of the sample, which is shown in the upper panel in Fig. 2 (a) and agrees with the previous results [2] . Four distinct divacancy defects are detectable at room temperature, which are labeled as PL3, 5, 7 with basal symmetry and PL6 with c axis symmetry. The two transitions of PL6 defects are measured to split at the slope of 2.8 MHz/G with the c-axis magnetic field [1, 2] . The down panel in Fig. 2(a) shows ODMR spectrum at zero magnetic field. The zero-field-splitting (ZFS) parameter (D) of the right branch of PL5 is measured to be 1374.5 MHz, which further confirms the type of divacancy defects. Since it is easily distinguishable and has a higher contrast and long Ramsey coherence time, we would focus on the right branch of PL5 defects to investigate spin dynamics at high temperature with zero magnetic field. Coherent controls of spins at room temperature including the implementation of Rabi oscillation, Ramsey and thermal echo [14, 21] measurements are shown in Fig.  2(b) , (c) and (d), respectively. In the experiment, the length of the initialized and read-out laser pulses are both set to be 3 µs [1, 2, 14] . The Rabi oscillation is measured as a function of the microwave pulse duration, as shown in Fig. 2(b) . The microwave pulse sequences for Ramsey and thermal echo oscillations are shown in the insets of Fig. 2(c) and (d) , respectively. Blue lines are the theoretical fits. An exponentially decaying sinuous function is used to fit the Rabi oscillation. While the Ramsey and thermal echo oscillations are fitted with the function
where a, n, b and ϕ are free parameters. T d represents the dephasing time [1, 2, 14] . The oscillating frequency f corresponds to the detuning frequency from the ZFS parameter, which is set to be 1.7 MHz. The Ramsey dephasing time (T * 2 ) and thermal echo dephasing time (T T E ) are both obtained to be about 1.9 µs, which are consistent with previous results [1, 14] . It is due to the fact that the PL5 has a large transverse strain E (about 13.5 MHz) which has a self-protected effect for the local slowly varying magnetic field in the Ramsey measurement, the coherence time is not expected to increase with thermal echo in our experiment [14] . The coherence time (T 2 ) is measured to be about 48.9 µs in our experiment. We then detect the ODMR spectrum at temperatures ranging from 300 to 600 K. Fig. 3(a) shows four representative ODMR signals at 300, 400, 500 and 550 K, respectively, which are fitted with Lorentzian functions (blue lines). Both the ZFS parameter D and ODMR contrast decrease as the temperature increases. The details of the dependence of D on temperature is shown in Fig. 3(b) . The change of D is about -32 MHz from 300 to 600 K. We use a three-order polynomial function to fit the data, which reads as D(T ) = a 0 + a 1 (T − 300) + a 2 (T − 300) 2 + a 3 (T − 300) 3 with parameters a 0 = 1374.5 ± 0.1 MHz,
MHz/K 2 and a 3 = (1.4 ± 0.9) × 10 −7 MHz/K 3 , respectively [22] [23] [24] . Compared with the case of NV centers [22] , we obtain a better linear relationship, which would pave the way for constructing the ODMR signal based broad temperature thermal sensor. The dependence between the ODMR contrast and temperature is shown in Fig. 3(c) . The decrease of the ODMR contrast might also be caused by the thermally activated nonradiative processes which would diminish the fluorescence-based spin readout [22] .
Ramsey and thermal echo oscillations are widely used in the quantum sensing [14, 21, [25] [26] [27] [28] [29] . We further investigate the temperature dependence of Ramsey and thermal echo oscillations. Fig. 4(a) shows three Ramsey measurements at different temperature and Fig. 4(b) shows the dephasing time T * 2 varying with temperature ranging from 300 to 520 K. Similar with the temperature dependence of D, both the contrast of Ramsey oscillation and T * 2 decrease as the temperature increases. In particular, T * 2 reduces to only about 0.4 µs at 520 K. Unlike the behavior of T * 2 of NV spins in diamond which maintains almost the same from 300 to 620 K [22] , the T * 2 of PL5 divacancy defects in 4H-SiC first decreases slowly when the temperature is below 400 K, then decreases quickly when the temperature is increased to about 520 K. Further investigations are needed in order to exactly understand the origin of the difference. Moreover, the coherence time of thermal echo oscillation T T E varying as a function of temperature is shown in Fig. 4(c) . The T T E decreases as the temperature increases which is similar with the results of T * 2 . T T E decreases to only about 0.6 µs at 520 K.
The PL5 spin dynamics in 4H-SiC can be used for high-temperature quantum sensing [22, 29, 30] . We investigate a thermal sensing at about 450 K using the Ramsey method. As shown in Fig. 5(a) , the ZFS parameter D deduced from the ODMR spectrums ranging from 440 to 460 K, are shown to linearly decrease with Normalized intensity (arb.units) the increase of temperature with a slope of −107 ± 4 kHz/K. We then measure the frequencies of Ramsey oscillations at five different temperatures, which is shown in Fig. 5(b) . The MW frequency is kept constant for all further measurements after it is set to 1.7 MHz detuning at 442.4 K. There is a linear relation between the oscillation frequency and temperature. The slope is measured to be 105±3 kHz/K, which is consistent with that in Fig.  5(a) . Two Ramsey oscillations at 442.4 K and 447 K are shown in Fig. 5(c) and (d) with the oscillation frequencies being f = 1695 ± 17 kHz and f = 2204 ± 15 kHz, respectively. The dephasing time T * 2 is deduced to be about 1.1 µs. Using the standard error derived from the fitting, we estimate that the precision of measured temperature is about 160 mK. The sensitivity is a significant physical quantity to measure the quality of a thermometer. We can get the sensitivity using the equation
with p 0 and p 1 being the photon counts per measurement shot for the bright and dark spin states, respectively. The sensitivity η value corresponds to the maximum value of exp (−( 14, 25] . In the experiment, the sensitivity is about 274 mK/Hz 1/2 at room temperature and about 880 mK/Hz 1/2 at 450 K, respectively. The sensitivity should be better with a higher collection efficiency. In our experiment, the counts is about 570 kcps at 4 mW laser pump at room temperature and is stable during the measurement. The reduced sensitivity at higher temperature is due to the decrease of photon counts, contrast of ODMR signal and T * 2 as the temperature increases.
III. CONCLUSIONS
In summary, we have investigated the ODMR spectrum and Ramsey oscillation of the PL5 divacancy defect spins in 4H-SiC from 300 to 600 K. The results show that coherent controls on defect spins in 4H-SiC can be achieved even at high temperature up to 600 K. As an application, a high-temperature thermal sensing at 450 K is demonstrated with the PL5 divacancy defect spins, which are shown to be useful for constructing a robust broad temperature range thermometer with a high sensitivity. Temperature sensitivity can be further improved by using high order thermal Carr-Purcell-Meiboom-Gill (CPMG) measurements [25, 29] , and higher photon collection efficiency [5, 31] . A broad-range high sensitivity and nanoscale resolution thermometry can be constructed by using nano-SiC particles, which would be used in a wide variety of system, including living cell and microelectronics systems [21] . Our results are helpful in understanding the spin dynamics in SiC at high temperature and would stimulate further research in this area. 
